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HK97 is a temperate dsDNA bacteriophage of Escherichia coli that is structurally similar to phage lambda, with an
icosahedral head of triangulation (T) number 7. Although the capsids of several large dsDNA phages have been studied
extensively using a variety of biophysical approaches, no high-resolution structure is available. We have grown crystals of
mature but empty bacteriophage HK97 capsids that diffract to at least 3.5 Å using synchrotron radiation. The HK97 Head II
crystals are the first capsid crystals from a dsDNA bacteriophage that diffract X-rays to high resolution. A capsid precursor
(prohead) was made in vivo by expressing capsid proteins in E. coli. This prohead was purified, converted to Head II in vitro,
and used to grow crystals. The empty Head II has the same form as the mature HK97 capsid, but without DNA. The crystals
were grown in a mixture of ammonium sulfate and PEG 8000, directly in an X-ray capillary to minimize crystal handling. The
unit cell is monoclinic, with dimensions a 5 580 Å, b 5 625 Å, c 5 790 Å, b 5 90.0° and two particles per unit cell. © 1998
Academic Press
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INTRODUCTION
The dsDNA bacteriophages have relatively large, ico-
sahedrally symmetric protein capsids (heads) containing
the DNA genome. One pentamer is replaced by an as-
sembly that connects a tail to the capsid, by which the
virus attaches to cells and injects DNA. The process by
which these structures are assembled from several hun-
dred individual protein molecules and a DNA molecule
has been the subject of extensive study, and the assem-
bly pathways of several examples of these phages are
understood in depth (Casjens and Hendrix, 1988). Al-
though they differ in detail, the head assembly pathways
of all dsDNA phages share a common set of features.
These include assembly of the major capsid subunit into
an icosahedral shell surrounding a protein core (‘‘scaf-
fold’’); removal of the scaffold, with or without accompa-
nying proteolysis; insertion of the genomic DNA into the
empty protein capsid; and a final, extensive conforma-
tional change, termed ‘‘expansion,’’ which is triggered by
the DNA packaging process and which dramatically sta-
bilizes the capsid against disruption.
Bacteriophage structure has been studied by a wide
variety of biophysical methods, including X-ray solu-
tion scattering, electron microscopy, and a variety of
spectroscopic techniques. Nevertheless, not a single
gene product found in the capsids of these viruses has
been studied at high resolution. Structural investiga-
tion of dsDNA phage has been challenging because
they are near the current size limit of biological struc-
tures that can be determined by X-ray crystallography.
Knowledge of the high-resolution structure of a dsDNA
bacteriophage capsid can be expected to improve our
understanding of the mechanisms of phage assembly
and the architecture of virus structural proteins.
HK97 is a dsDNA bacteriophage and a member of
the Siphovirus group (Murphy et al., 1995), which also
includes bacteriophage lambda. HK97 is a well-estab-
lished experimental system for the study of virus as-
sembly. The assembly pathway includes three distinct
capsid intermediates leading to the mature head form
(Conway et al., 1995). Each of these four assembly
intermediates can be produced by plasmid expression
of the capsid protein and a viral protease gene in
Escherichia coli, and a cryoEM structure has been
determined for each (Conway et al., 1995). Briefly, 420
copies of the unprocessed capsid protein (gp5) as-
semble through pentamer and hexamer intermediates
to form a T 5 7 capsid with approximately 50 copies of
the putative protease (gp4) packaged within the shell.
This structure is named Prohead I. The particle ma-
tures to the Prohead II form by cleavage of 102 amino
acid residues from the amino terminus of each mole-
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cule of gp5, and the resulting fragments exit the cap-
sid along with the protease. The next step of assembly,
the prohead to head transition, occurs in vivo during
dsDNA packaging and in vitro in a variety of partially
denaturing solvent conditions. Finally, HK97 matures
into the final Head II capsid in a covalent crosslinking
reaction. The covalent crosslink is an interchain amide
bond between lysine and asparagine, which links the
capsomeres into concatenated circles, thus stabilizing
the entire capsid (Duda et al., 1995a).
In this paper we describe the crystallization of empty
Head II capsids and preliminary characterization of the
crystals. Previous attempts at crystallization of native
and mutant forms of dsDNA phage include P22 proheads
and mature heads, f29 proheads, and isometric parti-
cles. Crystals were produced in both of these systems,
but did not diffract X-rays (unpublished results and per-
sonal communication, D. Anderson and J. King). HK97 is
the first dsDNA bacteriophage capsid to yield crystals
that diffract X-rays to high resolution.
RESULTS AND DISCUSSION
Crystallization
The initial crystallization conditions were identified
by hanging drop vapor diffusion. The initial drop vol-
umes ranged between 2 and 8 ml. Two crystal mor-
phologies were observed, a cubic form which did not
diffract and an elongated parallelepiped form, which
was found later to be monoclinic. The monoclinic form
was grown in a buffer system of 50 mM K2PO4, pH 7.0,
or in 50 mM MES, pH 6.0, or in water without buffer.
The precipitants were 1.0–1.5% PEG 8000 with 0.9 M
ammonium sulfate; the Head II sample (in 20 mM
Tris–HCl, pH 7.5, 100 mM KCl, 1 mM 2-mercaptoetha-
nol) was at 27–30 mg/ml. An equal volume of the
precipitant was mixed with the sample. The crystals
grew to a very large size, typically 1 3 1 3 2–3 mm.
When these crystals were mounted by standard meth-
ods, by drawing them into a capillary directly from the
hanging drop, followed by removal of the mother liquor,
the crystals developed large cracks. Because of their
fragility and large size, it was very difficult to mount the
crystals without damage. Methods were investigated to
minimize crystal manipulation and damage. It was found
that large, single crystals could be grown directly in the
X-ray capillary using a batch method.
The crystallization conditions for growth directly in the
capillary were optimized, starting with the conditions used
for vapor diffusion. Conditions were first identified using
sitting drops under oil and a finer search was performed
using capillaries. The Head II sample at 40–70 mg/ml (4 ml)
was mixed with an equal volume of precipitant: 50 mM
citrate, pH 5.0, 0.85 M ammonium sulfate, 1.5 % PEG 8000.
The mixture was drawn into a capillary (1.0–2.0 mm diam-
eter); mineral oil was injected at both ends to prevent
evaporation, and the capillary ends were sealed with wax.
Crystals grew within 1 week. The morphology was similar
to that of the crystals grown by vapor diffusion, and some
crystals completely filled the capillary (Fig. 1). Multiple crys-
tals grew in most of the capillaries, making them useless
for data collection; only a fraction could be used to collect
data. Nevertheless, this simple method made Head II data
collection practical.
Data collection and analysis
Fifteen images collected with the laboratory X-ray source
were processed. The lattice constants were a 5 580 Å, b 5
627 Å, c 5 780 Å, and a 5 b 5 g 5 90.0°, using the
indexing program DENZO (Otwinowski, 1993). Attempts to
scale the data in an orthorhombic system were unsuccess-
ful. There was an insufficient number of images to scale the
crystals as monoclinic. To determine the lattice symmetry,
still photographs were collected on crystals that were care-
fully aligned along major zone axes. The twofold symmetry
of the diffraction pattern was directly visible with the 625-Å
axis coincident with the X-rays, but not with the 580-Å axis
aligned. This indicated that the space group was probably
monoclinic, with the 625-Å axis unique.
Data were collected at the F1 station at CHESS, using
crystals grown directly in the capillary. Because of the
cracking induced even by draining the crystals, data were
collected with the crystal immersed in the mother liquor
and undisturbed. Orientations were selected in which the
maximum volume of crystal was exposed and the minimum
volume of mother liquor was in the beam path.
A typical diffraction image is shown in Fig. 2. The
resolution at the corner of the image is 4.3 Å, and the
crystals diffract to at least 3.5 Å, as shown with pat-
terns collected with shorter crystal-to-detector dis-
tances. There is a significant decrease in intensity
beyond 9 Å which is clearly visible on most of the
images. Crystal deterioration after exposure to the
beam is rapid. After each exposure, the crystal must
be translated, significantly slowing down data collec-
tion. Nevertheless, more than 300 images were col-
lected in this experiment at CHESS. Due to the very
large size of the unit cell, the data collection at 3.8 Å
resolution is challenging. The two major issues are
lune overlap and the intensity falloff at higher resolu-
tion. The data collection presented in this paper was
optimized for data in the 40 to 7-Å range. Subsequent
experiments will be designed to collect very low res-
olution data and data in the 7 to 4-Å range.
The images were indexed using DENZO (Otwinowski,
1993), which established lattice constants of a 5 580,
b 5 625, c 5 790 Å, a 5 b 5 g 5 90.0°. These agreed
well with the lattice constants determined previously
using the rotating anode source.
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Images were processed using the Purdue image pro-
cessing suite (Rossmann, 1979; Rossmann et al., 1979).
The crystal orientation matrix [(A) matrix] obtained from
DENZO was input to the processing program as the
initial orientation. Each image contained approximately
2000 accepted whole reflections and 7000 accepted par-
tial reflections, with an assumed mosaic spread of 0.1°.
Three hundred images were collected. Preliminary ex-
amination of the images confirms that the crystals are
primitive monoclinic rather than orthorhombic, with the
625-Å axis unique. The two possible primitive monoclinic
space groups are P2 and P21. Packing considerations
indicate that there should be two particles per unit cell.
With two particles per cell, given the particle dimensions,
the most likely space group is P21.
There are three clear advantages of the HK97 sys-
tem which may allow for crystal formation: the lack of
a separate scaffolding protein, the ability to produce
isometric head particles without the connector, and
the covalent crosslink that stabilizes the mature par-
ticles. Reproducible crystallization conditions for HK97
empty capsids were identified, and a method to over-
come the severe crystal fragility was developed. A
data set was collected at CHESS, and a preliminary
characterization of the lattice constants and space
group has been made.
MATERIALS AND METHODS
Head II capsid production and purification
HK97 empty capsids were produced in E. coli by ex-
pressing the putative protease (gp4) and the capsid
protein (gp5) in a T7 expression system. The production
and purification has been described (Duda et al.,
1995a,b). Briefly, the Prohead II particles were purified by
(1) PEG precipitation, (2) ultracentrifuge pelletting, (3)
glycerol gradient fractionation, (4) DEAE-cellulose chro-
matography, and (5) ultracentrifuge pelletting. The in vitro
expansion reaction was induced by incubating Prohead
II particles in 7 M urea, 50 mM acetate, pH 5.0. Crosslink-
ing occurs spontaneously upon fivefold dilution into 50
mM Tris–HCl, pH 7.5. The resultant Head II particles
were concentrated by pelletting in an ultracentrifuge.
FIG. 1. An HK97 Head II crystal grown directly in a 1.3-mm-diameter capillary. The crystal was grown in 4 ml of 44 mg/ml virus sample plus 4 ml
of 0.84 M ammonium sulfate, 1.5 % PEG 8000, 50 mM citrate, pH 5.0.
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FIG. 2. (a) An HK97 Head II diffraction pattern, collected on an image plate at the CHESS F1 station with a 0.3° oscillation angle. The
crystal-to-detector distance was 680 mm, with l 5 0.908. (b) Detail, upper right corner of (a). The resolution at the corner of the image is 4.3 Å.
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Crystallization, data collection, and analysis
Crystallization conditions were initially screened and
identified using hanging drop vapor diffusion (McPher-
son, 1982). The conditions were further refined for batch
sitting drops under oil and batch growth directly in the
X-ray capillary.
The crystals were initially examined for diffraction with a
high-flux rotating anode laboratory source. A Rigaku Mark V
generator was operated at 45 kV, 100 Ma, with a Cu target,
a 100 mm focal spot, and focusing mirrors. A Mar detector
was used, with a crystal-to-detector distance of 645 mm.
The oscillation angle was 0.3° with an exposure time of 3 h.
Diffraction data were collected on Fuji image plates by
oscillation photography at the Cornell High Energy Syn-
chrotron Source (CHESS) F-1 station (wavelength 5
0.908 Å; January 1996). A crystal-to-detector distance of
680 mm was required to resolve diffraction maxima from
the large unit cell. The exposure time was 90 s, with an
oscillation angle of 0.3°. Most crystals were exposed
without draining the mother liquor from the capillary.
FIG. 2—Continued
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Orientations were chosen to minimize the volume of
mother liquor exposed to the X-ray beam. After each
exposure, the crystal was translated, such that each
crystal volume was exposed only once.
The diffraction patterns were viewed and indexed us-
ing the programs Xdisplayf and DENZO (Otwinowski,
1993). Data processing was performed with the program
OSC (Rossmann et al., 1979).
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